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Summary 
Pacific Northwest National Laboratory (PNNL) is presently conducting a re-evaluation of remedies 
addressing persistent dissolved uranium concentrations in the upper aquifer under the 300 Area of the 
Hanford Site in southeastern Washington State.  This work is being conducted as a Phase III feasibility 
study for the 300-FF-5 Operable Unit on behalf of the U.S. Department of Energy.  As part of the 
feasibility study process, a comprehensive inventory of candidate remedial technologies was conducted 
by PNNL.  This report documents the identification and screening of candidate technologies.  The 
screening evaluation was conducted in accordance with guidance and processes specified by 
U.S. Environmental Protection Agency regulations (EPA 19891) associated with implementation of the 
Comprehensive Environmental Response, Compensation, and Liability Act process. 
Recent Hanford Site investigations and historical monitoring indicate the persistent uranium in 300 Area 
groundwater originates from sediments above the groundwater, as well as in the aquifer.  Consequently, 
the technology evaluation included technologies applicable to each of three zones as described in the site 
conceptual model.  The original focus of the prior Phase I and Phase II feasibility studies (DOE-RL 
19942) on physical technologies of hydraulic containment and removal was expanded in this study to 
include chemical, biological, and physical processes. 
Fifty-three technologies or management techniques for groundwater were initially identified.  Thirteen of 
the 53 technologies were additions to the 40 identified in the original feasibility study (DOE-RL 1994).  
The additions are new in-situ technologies that were not known earlier.  Evaluation of these technologies 
on the basis of criteria from the 1994 feasibility study (DOE-RL 1994), including adjustments for 2006 
conditions and with a focus on groundwater technologies, narrowed the original 53 technologies to 
29 candidate technologies for groundwater.  With the consolidation of 3 institutional control actions into 
1 action, 27 actions and technologies were reduced to 13 using criteria of effectiveness and 
implementability.  The 13 remaining technologies were reduced to 2 active technologies and 2 passive 
management strategies using the relative cost criteria. 
The resulting active technologies for groundwater are as follows: 
• In-situ polyphosphate treatment 
• In-situ calcium citrate and sodium phosphate treatment. 
 
                                                     
1 EPA.  1989.  The Feasibility Study:  Development And Screening of Remedial Action Alternatives.  Directive 
9355.3-01FS3, U.S. Environmental Protection Agency, Washington, D.C.  
2 U.S. Department of Energy, Richland Operations Office (DOE-RL).  1994.  Phase I and II Feasibility Study 
Report for the 300-FF-5 Operable Unit.  DOE/RL-93-22, U.S. Department of Energy, Richland Operations Office, 
Richland, Washington. 
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The resulting passive management strategies for groundwater are as follows:  
• Institutional Controls (land-use restrictions, access controls) 
• Monitored Natural Attenuation. 
Because the 1994 feasibility study (DOE-RL 1994) did not address the smear zone (Zone 3) where 
fluctuating water elevations produce a wetted layer of sediment, a new list of six prospective technologies 
was initially identified.  These six technologies were reduced to two technologies using criteria of 
effectiveness and implementability.  The two active technologies remained after applying relative cost 
criteria. 
The resulting active technologies for the smear zone (Zone 3) are as follows: 
• Selective excavation to the water table 
• Stabilization by application of polyphosphate. 
The 1994 feasibility study also did not address the lower vadose zone but assumed that remedies deployed 
in the 300-FF-1 Operable Unit upper vadose zone would protect groundwater.  A new list of 10 candidate 
technologies was identified.  Using criteria of effectiveness and implementability, the 10 were reduced to 
4 technologies.  Three active technologies remained after applying relative cost criteria.  
The resulting active technologies for the vadose zone are as follows: 
• More extensive excavation of sediment to the water table 
• Vadose flushing with polyphosphate immobilizing agent 
• Vadose flushing with calcium citrate and sodium phosphate. 
Remedial strategies will be developed by combining selected technologies into multiple alternatives based 
on the results of this technology screening.  The alternatives will likely incorporate different assemblages, 
sequencing, and application areas/zones of technologies.  A detailed analysis of the remedial alternatives 
selected in the initial screen will be conducted using nine evaluation criteria mandated by statutory 
directives and regulatory guidance to form the forthcoming Phase III feasibility study. 
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1.0 Introduction 
An ongoing program of site characterization, technology development, and technology evaluation is being 
conducted at the Hanford Site, according to the Work Plan for Phase III Feasibility Study 300-FF-5 
Operable Unit (DOE-RL 2005).  As part of the feasibility study effort described in the work plan, a 
screening evaluation of candidate remediation technologies was conducted.  This document presents the 
screening process used to select remediation technologies that will be assembled into alternatives for 
remediation of persistent uranium concentrations in groundwater beneath the 300 Area. 
The contaminants of concern in the groundwater addressed by the interim actions were uranium, 
trichloroethene, and 1,2-dichloroethene.  Of these three contaminants of concern, uranium was and 
remains the most pervasive.  The earlier feasibility studies (DOE-RL 1994 and 1995) anticipated that 
natural attenuation processes, particularly naturally occurring groundwater flushing and dispersion, would 
reduce uranium within the groundwater to cleanup levels by 2004.  Because observed uranium 
concentrations have persisted above the targeted cleanup level, a renewed effort to develop and 
implement groundwater cleanup was initiated in 2004. 
The purpose of the Phase III feasibility study is to supplement and update earlier evaluation of remedial 
actions conducted within the Phase 1 and Phase II Feasibility Study Report for the 300-FF-5 Operable 
Unit (DOE-RL 1994) and the Remedial Investigation/Feasibility Study Report for the 300-FF-5 Operable 
Unit (DOE-RL 1995).  Because of the persistence of uranium in the groundwater at the 300 Area, a new 
initiative to design and implement a remedy for the uranium started in 2005.  The planning for this 
remedy is being conducted under the auspices of a Phase III Feasibility Study for the 300-FF-5 Operable 
Unit.  The work plan for the Phase III feasibility study (DOE-RL 2005) describes the process the U.S. 
Department of Energy (DOE) will follow to develop and implement the remedy.  
The conduct of the Phase III feasibility study will be based on several elements: 
• Recent characterization findings of the limited field investigation and other ongoing site-related work 
• Prescribed regulatory framework 
• Prior remedial technology study conducted in the preceding feasibility study 
• New remediation technology developments that are progressing. 
The re-evaluation of the uranium remedial strategy is being conducted using the process specified by 
U.S. Environmental Protection (EPA) regulations (EPA 1989) associated with implementation of the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) process. 
The results of the technology screening that supports the Phase III feasibility study are presented in the 
following sections.   
• Section 2.0 provides a summary of relevant background information.   
• Section 3.0 provides an overview of the conceptual model.   
• Section 4.0 presents the regulatory framework context.   
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• Section 5.0 presents the identification and inventory of potential remediation technologies for 
remediation of uranium in three stratigraphic regimes. 
• Section 6.0 presents the evaluation and screening of remedial technologies.   
• Section 7.0 summarizes the screening process for remedial technologies for uranium. 
2.0 Background 
The 300-FF-5 Operable Unit comprises groundwater and sediments, specifically the upper-unconfined 
aquifer beneath the 300 Area, adjacent to and west of the Columbia River immediately north of the city of 
Richland.  The 300-FF-5 Operable Unit also includes groundwater beneath the 618-10 and 618-11 burial 
grounds, north of the 300 Area.  However, the focus of the Phase III feasibility study (DOE-RL 2005) is 
on dissolved uranium in the groundwater beneath the 300 Area. 
The 300 Area was developed in the 1940s with manufacturing and industrial facilities necessary to 
fabricate uranium fuel for plutonium production reactors.  The area also supported laboratory facilities 
designed and operated to test materials related to plutonium production processes.  The manufacturing 
and laboratory operations that produced waste began in 1944 and ended in the 1980s.  
Liquid and solid waste was discharged to the ground from two large ponds, trenches, and landfills and 
from various vessel and plumbing releases.  The chemical characteristics and quantities of discharged 
waste are complex and poorly documented.  A major portion of the waste originated from fuel rod 
fabrication and included basic aluminate solutions and acidic copper/uranyl nitrate solutions. 
The water table continuously fluctuates near the Columbia River with changing river stage. Nominally, 
depth to groundwater in the 300-FF-5 Operable Unit ranges between 8 and 17 m (26 and 56 ft) below 
ground surface depending on the surface topography  The 300-FF-5 Operable Unit aquifer is unconfined 
and flows through gravels and sands deposited by glacial floods.  The vadose zone consists of similar 
sediments. 
A large, persistent plume of dissolved uranium formed in the uppermost unconfined aquifer beneath the 
300 Area.  In the early 1990s, an attempt to implement a remedy was documented in two DOE Richland 
Operations Office (DOE-RL) feasibility studies (DOE-RL 1994 and 1995). 
The earlier feasibility study documents a technology screening (Table 4-1 in DOE-RL 1994) and remedial 
alternative identification.  The following technologies and process options were retained for further 
consideration at that time.  These technologies focused only on uranium in groundwater: 
• Institutional controls and monitoring 
• Containment 
− Slurry walls 
− Grout walls by injection 
− Grout walls by deep soil mixing 
− Hydraulic containment by pumping 
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• Removal 
− Groundwater extraction 
○ Wells 
○ Interceptor trenches 
– Aquifer soil dredging/excavation 
○ Excavation and dewatering 
○ Mechanical dredging 
• Disposal 
− Treated groundwater 
○ Surface water discharge 
○ Subsurface discharge 
− Sludge and soils disposal onsite 
• Ex-situ treatment of groundwater 
− Gravity separation 
− Filtration 
− Ion exchange 
− Reverse osmosis 
− Precipitation 
• In-situ treatment 
− In-situ flushing. 
These technologies were further evaluated and assembled into 16 remediation alternatives that were 
screened in the feasibility study to produce a list of 6 alternatives that were evaluated.   
The six alternatives considered in the 1994 feasibility study (DOE-RL 1994) were as follows: 
1. No action 
2. Institutional controls 
3. Selective hydraulic containment 
4. Selective hydraulic containment with in-situ flushing 
5. Extensive hydraulic containment 
6. Extensive hydraulic containment with selective in-situ flushing 
In 1995, interim actions were selected for the groundwater of the 300-FF-5 Operable Unit because 
upgradient contamination (e.g., tritium) was migrating into that area, remedial actions for such 
contamination had not been fully identified, and uncharacterized waste sites in the vadose zone above the 
groundwater required further study.  The selected interim remedies for the groundwater in the 300 Area 
adopted by the 300-FF-5 Operable Unit record of decision (EPA 1996) were 1) “Institutional Controls to 
prevent human exposure to groundwater” and 2) “Groundwater monitoring to verify modeled predictions 
of contamination attenuation and to evaluate the need for active remedial measures.” 
A recently conducted limited field investigation yielded a better understanding of the occurrence and 
geochemistry of uranium and hydrogeology of the 300 Area than was available when the 1996 record of 
decision was published.  Better geochemical knowledge of uranium on site sediments, as well as better 
hydrogeologic understanding of the aquifer and groundwater movement, have significantly improved the 
conceptual model of the uranium source and its role in the persistent dissolved uranium plume.  These 
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findings contribute to the more realistic and effective development of a remediation strategy in 
accordance with the 2005 Phase III feasibility study work plan (DOE-RL 2005). 
3.0 Preliminary Simplified Conceptual Model 
A simplified conceptual site model is presented in this report to support identification of the 
characteristics of the contaminant distribution to be treated so that appropriate technologies are 
considered based upon site conditions.  A more complete presentation of the conceptual site model will be 
documented in a separate report and will be referenced in the final feasibility study report that is being 
prepared. 
Figure 1 presents a simplified schematic of the multiple zones influencing uranium concentrations in 
groundwater at the 300-FF-5 Operable Unit. 
 
Figure 1.  Simplified Conceptual Site Model  
A brief description of the simplified conceptual model includes five different zones as shown on Figure 1. 
• Zone 1 represents the original waste disposal unit.  It could be a former process pond, a process 
trench, or other waste discharge source.  The waste discharge unit(s) and adjacent soil have or 
will be removed as part of source remedial actions.  While initially a conduit for supplying 
uranium to the subsurface, no future impacts on the groundwater will occur.  Backfill and surface 
cover materials will influence the degree that natural precipitation or water from human activities 
(e.g., irrigation) will infiltrate. 
• Zone 2 is the vadose zone between the deepest part of the source excavation and the highest 
excursion of the water table.  Relatively high concentrations of uranium are likely to have 
migrated through this zone during operations.  Limited sampling from test pits within and beneath 
excavated waste sites indicates that some amount of uranium remains sorbed to sediment in this 
zone. 
• Zone 3 is the zone between the maximum and minimum elevation of the water table.  This zone 
is referred to as the “smear zone.”  During periods of unusually high water-table elevations 
(because of high-river stage conditions), uranium-contaminated groundwater moves into the 
lower vadose zone.  When the water table returns to normal, some uranium is left behind in pore 
fluid and retained on soil particles, thus remaining as a potential source for plume re-supply if 
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unusually high water-table elevations return.  Therefore, in the past during uranium disposal, high 
concentrations of uranium were deposited in the smear zone (Zone 3) and can serve as a 
continuing current source to groundwater.  Uranium storage in this zone has generally been 
observed in close proximity to waste disposal units (Zone 1).  Presently, with the limited 
characterization conducted in Zone 3, there is insufficient evidence to determine the extent to 
which uranium contamination in this zone is present away from known waste disposal units. 
• Zone 4, located mainly in the Hanford formation aquifer, is the uppermost hydrologic unit 
through which uranium migrates toward the Columbia River.  The persistent uranium plume is 
observed in the groundwater of the upper Hanford formation.  Dissolved uranium concentrations 
are influenced by sorption and desorption interactions with aquifer sediments depending on 
geochemical conditions.   
• Zone 5 is a highly dynamic zone of interaction between groundwater and Columbia River water 
that infiltrates the banks and channel substrate to varying degrees, depending on river stage and 
hydrogeologic properties of aquifer sediments.  Geochemical conditions change rapidly within 
this zone because of chemical differences between groundwater and river water.  Dilution of 
contaminants in groundwater typically occurs in this zone, prior to the ultimate discharge of 
groundwater into the Columbia River system. 
Within the context of the feasibility study, the selection of remedial technologies and development of 
remedial strategies, the focus is on the smear zone (Zone 3) and the upper groundwater aquifer (Zone 4) 
where the uranium immediately affects the groundwater quality.  Technologies for the lower levels of the 
vadose zone (Zone 2) are also considered.  The interface zone between the groundwater and Columbia 
River (Zone 5) will be addressed incidentally by remediation of upgradient groundwater.  Remediation of 
the waste disposal units (Zone 1) has already been completed. 
The recently completed limited field investigation clarified our understanding of the uranium distribution 
outlined in the conceptual site model.  Elevated concentrations of uranium relative to background were 
distributed within sediments in, slightly above, and below the water table.  This zone of elevated sorbed 
uranium appears to correspond to a smear zone (Zone 3) reflecting the sediment levels that are influenced 
by groundwater-level fluctuations.  Three of the four characterization boreholes were located adjacent to, 
but not directly within, uranium waste disposal areas (Zone 1).  Excavations in such disposal areas have 
encountered high concentrations of process uranium above background levels in vadose zone sediments 
down to the water table (Zone 2).  Presumably, these zones vertically beneath the disposal sites were 
pathways by which uranium migrated to groundwater when earlier discharges were occurring.  Water 
samples were collected at multiple depth intervals in the groundwater column at each of four new 
boreholes.  Analysis of these water samples indicates that dissolved uranium is present in the upper levels 
of the groundwater in all four locations.  Groundwater concentrations exceeded the natural background 
concentration of uranium of approximately 10 µg/l in all four locations.  Uranium concentrations in 
groundwater were detected as high as 202 µg/l, a concentration that is over six times the drinking water 
standard for uranium in groundwater.  The dissolved uranium in the groundwater appears to move 
laterally primarily through the saturated high-permeability Hanford formation gravels and sands that are 
above the Ringold Formation silty sandy gravels.  
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The lateral distribution of uranium within the smear zone is not fully known because only four locations 
have been drilled.  However, well-399-1-23 has the highest concentration of uranium, both in the vadose 
zone sediment immediately above the water table (Zone 3) and in the groundwater (Zone 4).  This well is 
located within 23 m (75 ft) from the effluent end of the 316-5 Process Trenches.  Vadose zone sediment 
in well 399-1-18 adjacent and downgradient of the South Process Pond, contains elevated uranium 
concentrations in sediments near the water table (Zone 3).  The remaining two well locations, well 
399-3-19 (east of the South Process Pond) and well 399-3-20, did not exhibit measurable indications of 
elevated uranium concentrations relative to surrounding areas in sediment or groundwater. 
4.0 Regulatory Framework 
The Phase III feasibility study is being conducted in accordance with the requirements described in 
Guidance for Conducting Remedial Investigations and Feasibility Studies under CERCLA (EPA 1988).  
This EPA guidance prescribes a process that includes the following tasks: 
1. Establish remedial action objectives 
2. Develop general response actions 
3. Inventory applicable technologies and management strategies 
4. Screen appropriate technologies 
5. Combine technologies into alternatives 
6. Preliminary screening of alternatives 
7. Evaluate selected alternatives with nine criteria 
8. Compare alternatives 
9. Develop feasibility study report 
10. Develop proposed plan. 
Presently, the first four tasks have been completed and are documented in this report (Sections 4.0, 5.0, 
6.0, and 7.0).  
The primary remedial action objectives of the 300-FF-5 Operable Unit were established in the Work Plan 
for the Phase III Feasibility Study (DOE-RL 2005) based on the objectives stated in the record of decision 
for the 300 Area in 1996 (EPA 1996).  These remedial action objectives are as follows. 
1. Restore, to the extent possible, the groundwater aquifer to its highest and best beneficial use, which 
is presumed to be a drinking water supply. 
2. Reduce risk to human health and the environment. 
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5.0 Identification and Inventory of Potential 
Remediation Technologies 
The 1994 feasibility study (DOE-RL 1994) for groundwater treatment focused only on dissolved-phase 
uranium in groundwater in the saturated aquifer. The source of the contamination was assumed to be 
addressed by removal of contamination from vadose zone sediments as part of the 300-FF-1 Operable 
Unit remedial action.  Ten years of groundwater monitoring and further site characterization has shown 
this remedial strategy to be inadequate.  Consequently, the identification of remedial technologies for this 
Phase III feasibility study supplements groundwater control and removal technologies from the earlier 
feasibility study with source control and new in-situ technologies. 
An inventory of potentially applicable remedial practices and technologies was conducted as part of the 
Work Plan for Phase III Feasibility Study 300-FF-5 Operable Unit (DOE-RL 2005).  The technology 
inventory included all the technologies considered in the original 1994 Phase I and Phase II Feasibility 
Report (Table 4-1, DOE-RL 1994).  Additional treatment technologies, particularly new and 
developmental in-situ treatment technologies for uranium, were also inventoried.  At that time, the 
location, extent, and form of the uranium contamination was not known, particularly in regard to the 
source of the persistent uranium concentration in the groundwater.  Consequently, when the first 
screening of technologies was conducted in 2004, only one of three screening criteria (implementability) 
could be applied.   
Additional characterization information was available to support an updated inventory and categorization 
of technologies for the current technology screening.  These technologies were categorized in terms of 
general response actions.  The development of general response actions follow from the understanding of 
the source and mechanism by which the groundwater is contaminated by uranium.  Presently, it appears 
that one significant cause of the persistent dissolved uranium is the long-term storage and periodic, pulse 
release of uranium residing in the smear zone sediments (Zone 3) and lower vadose zone sediments (Zone 
2) into the groundwater (Zone 4).  Subsequent identification, evaluation, and selection of remedial 
technologies must contend with the high permeability of the aquifer itself and treat the source of the 
uranium in the smear zone and possibly the lower vadose zone.  The screening of prospective remediation 
technologies follows from this fundamental view of the problem.  The updated inventory consists of 
53 prospective technologies for groundwater, 6 prospective technologies for the smear zone, and 
10 prospective technologies for the vadose zone.  Table 1 lists the general response actions and the 
associated technologies considered in the technology screening.  The table includes the source of 
information for each technology (e.g., the original remedial investigation/feasibility study, the work plan, 
or recent developments).  No additional screening was conducted for those technologies rejected by the 
remedial investigation/feasibility study unless there have been relevant updates to the technology since 
1995.  New technologies or changed assessments on older technologies listed in the original 1994 
feasibility study (DOE-RL 1994) are highlighted in yellow in Table 1. 
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6.0 Evaluation and Screening of Remedial Technologies 
The screening process is presented in the following eight sections.  Section 6.1 presents the remediation 
strategy.  Geochemical considerations that control the efficacy of remedial technologies are discussed in 
Section 6.2, and Section 6.3 presents the screening criteria.  Sections 6.4 through 6.6 present the screening 
of technologies for each targeted matrix. 
6.1 Remediation Strategy 
Presently, it appears that one significant cause of the persistent dissolved uranium is the long-term storage 
and periodic, pulse release of uranium residing in Zone 3 (smear zone) sediments and lower vadose zone 
sediments (Zone 2) into the groundwater.  The high permeability of the aquifer itself would make direct 
extraction or treatment of groundwater inefficient.  Therefore, treatment of the source of the uranium in 
the smear zone, and possibly the lower vadose zone, to reduce the availability of uranium to the 
groundwater and/or reduction of its mobility if it does reach the groundwater, appears to be a more 
effective remediation strategy.  The challenge is how this stabilization, isolation, or interception is 
accomplished. 
Physical encapsulation or in-situ stabilization of the uranium would have to be applied in a horizontal, 
planar geometry over a wide area.  The typical method for contacting the subsurface is via wells or 
boreholes through which reagents are applied to the subsurface.  The capability of such techniques to 
contact treatment volumes lateral to the borehole is generally very limited.  Therefore, a large number of 
closely spaced injection points are required. 
A second approach is to apply liquids to groundwater and use groundwater flows to laterally spread 
reagent. The reagent then reacts to stabilize or isolate uranium where contact is made.  This process 
implies a chemical technology.  The chemical technologies for treating uranium have become available 
for consideration only within the past decade.  However, to screen appropriate chemical technologies for 
further consideration, an understanding of uranium chemistry is required. 
6.2 Geochemical Considerations 
The mobility of uranium in environmental surface and subsurface systems is highly variable, based on the 
geochemical environment where it is found. The principal variables affecting the environmental 
geochemistry of uranium are the oxidation potential (Eh), pH, temperature, composition of the aqueous 
pore fluid (especially the concentrations of complexing ligands such as dissolved bicarbonate/carbonate 
[HCO3-/CO32-]), and sediment mineralogy.  These five variables affect the reduction/oxidation (redox) 
state, aqueous complexation, precipitation/dissolution, and adsorption/desorption of uranium, which in 
total determines the mobility of uranium in environmental systems. 
The primary variable determining the mobility of uranium in environmental systems is oxidation state.  
Uranium can exist in the +3, +4, +5, and +6 oxidation states in aqueous environments.  Uranium(VI) and 
U(IV) are the most common oxidation states of uranium in natural environments.  Uranium will exist in 
the +6 oxidation state under oxidizing to mildly reducing environments.  Uranium(IV) is stable under 
reducing conditions and is considered relatively immobile because U(IV) forms sparingly soluble 
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minerals.  Dissolved U(III) easily oxidizes to U(IV) under most reducing conditions found in nature.  The 
U(V) aqueous species (UO2+) readily disproportionates to U(IV) and U(VI). 
Reducing conditions that are characteristic of many deep geologic environments are conducive to 
formation of sparingly soluble uranous [U(IV)] compounds, such as uraninite (UO2) and coffinite 
(USiO4).  Such stabilization of uranium could also be promoted by creating reducing conditions using 
anaerobic biological process to create a reducing environment.  Oxidizing conditions that tend to occur in 
near-surface environments such as the Hanford Site, in contrast, tend to release uranium precipitated or 
sorbed as U(IV) into shallow groundwaters and surface waters as the more stable uranyl, U(VI), aqueous 
complexes.  Therefore, the problem with attempting U(IV) stabilization in shallow groundwaters, such as 
present in the 300-FF-5 Operable Unit, is long-term maintenance of anoxic, reducing conditions. 
In the oxidizing conditions present in the shallow portion of the 300-FF-5 Operable Unit aquifer, uranium 
is present in the +6 [U(VI)] oxidation state, which forms a variety of aqueous complexes as a function of 
pH with natural organic and inorganic ligands present in the pore fluid.  The presence and composition of 
ligands, temperature, and pH of the system will determine the environmental fate of uranium in the 
vadose zone and aquifer sediments beneath the 300-FF-5 Operable Unit.  A key factor controlling the 
solubility of uranium in such oxic environments is the concentration of dissolved bicarbonate/carbonate 
[HCO3-/CO32-]).  If uranium is present as precipitated minerals in the vadose zone and aquifer sediments, 
atmospheric CO2 and typical groundwater CO2/calcite mineral equilibria, along with pH, will control the 
extent of solubility and adsorption of uranium in the shallow groundwater.  Above pH 6, uranyl-carbonate 
complexes⎯e.g., UO2CO30(aq), UO2(CO3)22-, UO2(CO3)34-, and Ca2UO2(CO3)30(aq)⎯control the uranium 
geochemical cycle.  Uranyl-carbonate complexation increases the solubility concentrations of uranium 
minerals and precipitates, facilitates U(IV) oxidation, and limits the adsorption of uranium to sediment 
minerals surfaces in oxidized waters, thereby increasing the mobility of uranium in groundwater 
(Langmuir 1997a and 1997b). 
In addition to dissolved carbonate and hydroxide, uranium may form a number of aqueous complexes 
with dissolved fluoride, sulfate, and phosphate.  The ranges of stability of such aqueous species as a 
function of pH and their ligand concentrations should be considered to formulate possible geochemical 
uranium management strategies.  However, relative to carbonate complexes, uranyl fluoride and sulfate 
species are only stable under acidic pH conditions at the concentrations of fluoride and sulfate found in 
most groundwaters, and are not stable at the higher pH conditions associated with natural waters such as 
the oxic carbonate-rich, well-buffered near neutral (pH 7.5-8.5) pH groundwater of 300-FF-5 for uranium 
management (Langmuir 1978). 
In contrast, formation of uranyl phosphate solid phases offers potential to assist in uranium management.  
In a pH range from 4 to 10 within which common groundwater pH conditions exist, U(VI) forms more 
stable solid phases with phosphate than with any other common ligand (Langmuir 1978). 
The formation of uranyl-phosphate minerals is significant in terms of the uranium geochemical cycle; 
however, it is especially important in the context of remediation.  The stability of uranyl-phosphate 
minerals is second only to the uranyl-vanadate minerals.  However, in comparison, the prevalence of 
uranyl-phosphates, and in particular autunite minerals, this far exceeds that of the vanadates (Grenthe 
1984; Langmuir 1978, 1997b; Smith 1984). 
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The geochemistry of uranium establishes a context where candidate in-situ chemical technologies may be 
evaluated within this screening process.  Remedial strategies based on in-situ chemical stabilization will 
be only as effective as the geochemistry of the site permits.  Such chemical technologies may be generally 
grouped according to the following paradigm.  This framework assists in understanding the technology 
screening.  
• Redox Technologies – These technologies attempt to manipulate oxidation-reduction conditions of the 
subsurface to reduce uranium to uranous (uranium IV) forms.  The techniques include in-situ redox 
manipulation using sodium dithionite, zero-valent iron, microbial induced reduction, and calcium 
polysulfide technologies.  The common deficiency of technologies in this category is that the reduced 
environment and corresponding uranium precipitate is easily re-oxidized over time.  Consequently, 
over time the “treated” uranium is remobilized.  It may be possible, depending upon the kinetics of 
the remobilization oxidation, to meet remediation goals in the saturated zone for groundwater if 
remobilization were slow enough to result in uranium concentrations below cleanup criteria.  
• Co-precipitated Iron Oxyhydroxide – This technology affects only temporary stabilization because 
the reaction is reversed as the precipitate ages. 
• Phosphate Precipitation Technologies – These technologies apply and modify phosphate with uranyl 
(uranium VI) forms to remove soluble uranium and prevent further dissolution of uranium by 
sequestration, immobilization, or precipitation.  The resulting reaction seeks to create a stable, 
long-lasting reaction that removes the source of ongoing uranium contamination to the groundwater.  
Newly developed and developing approaches offer a variety of application techniques and reagent 
types.  However, this group of technologies requires further development. 
• Flushing Technologies – This group of remediation technologies uses a variety of leaching solutions 
to dissolve solid-phase uranium and hydraulic extraction techniques to remove the solubilized 
uranium with lixiviant residuals.  This technology group is basically an extension of in-situ mining 
that has been practiced since the 1960’s.  Carbonate flushing solutions are typically employed.  
Subsurface stratigraphic heterogeneities make comprehensive treatment difficult to attain.  Hydraulic 
capture and capture of the mobilized uranium can be problematic. 
6.3 Screening Criteria 
Potentially applicable technology types and process options were identified and screened in accordance 
with CERCLA guidance using effectiveness, implementability, and relative cost as criteria to eliminate 
those options that are the least feasible, and to retain those options that are considered most viable.  The 
following criteria were considered in evaluating each technology under conditions specific to each 
treatment matrix or zone contributing to or containing the groundwater contamination.  As discussed in 
Section 3.0, three zones were considered: 
• Saturated sediments and groundwater of the upper aquifer (Zone 4). 
• Smear zone (Zone 3) formed by the fluctuating water-table interface  
• Lower vadose zone sediments (Zone 2). 
A technology is considered effective if it is proven capable of or there is relatively low technical 
uncertainty associated with performance of the technology in the targeted matrix over the time period 
necessary to affect a permanent reduction of dissolved uranium in groundwater. 
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A technology is considered implementable if proven capable of being constructed and deployed in the 
type of the sediments found in the Hanford and Ringold Formations at the required depths below ground 
surface and operating at the necessary scale.  The technology also must not interfere with other 
technologies if it does not address all of the contaminated volume, and must not pose potentially 
significant administrative issues (e.g., use of potentially unacceptable reagents). 
The third criterion, relative cost, is evaluated on the technologies that passed the screen for effectiveness 
and implementability.  The relative cost is considered by assessing whether the cost for a technology can 
be reasonably estimated, and whether high-cost factors for a technology render it grossly more expensive 
than other technologies with similar effectiveness and implementability.  
Technologies are not required to address the entire volume of the operable unit if they do not operate in a 
way that prevents combination with another technology as part of a multiple technology approach to 
remediation. 
6.4 Screening of Groundwater Technologies  
Screening of both legacy and new technologies for groundwater is presented in Table 2.  Technologies 
that originated in the Phase I and II feasibility study are italicized in the Table 2 listing.  
The 2006 limited field investigation further confirmed the uppermost level of the unconfined aquifer 
associated with the Hanford formation is the principal location of dissolved uranium and has the highest 
concentrations of uranium in the aquifer.  Depth-discrete water sampling from well 399-1-23, 
approximately 22.8 m (75 ft) from the south end of the 315-5 Process Trench, did have the highest 
uranium groundwater concentrations in Ringold Formation sediment at the Hanford/Ringold contact.  
This elevated occurrence of uranium in groundwater is theorized to be a residual effect of the waste 
discharge in the less-permeable and less-flushed Ringold Formation sediment.  The uranium is the only 
observed exception to the general pattern of higher uranium concentrations associated with the uppermost 
levels of the aquifer near the water table, which coincidentally is located in the more mobile groundwater 
of the Hanford formation.  Consequently, wide-area groundwater remediation will focus on the uppermost 
portions of the aquifer or the sources of uranium above the water table. 
Three passive management practices, such as land-use restrictions, access controls, and monitored natural 
attenuation, were accepted for further consideration in the remediation alternative step of the feasibility 
study.  These three passive actions presently form the basis of the present interim response and will be the 
basis of the baseline remedial alternative for the feasibility study, which will affect the least expeditious 
remediation of the uranium in groundwater. 
Twenty-four active technologies for groundwater remediation have been identified for consideration.  
These technologies either involve some combination of pumping and treating groundwater ex-situ or in-
situ hydraulic barriers.  Treatment technologies were considered independent of the hydraulic control or 
extraction technologies.  Recent advances in technology have brought an additional 13 technologies that 
focus on in-situ treatments.  Since 1994, pilot-scale attempts to construct hydraulic barriers have not been 
successful because of large rocks in the upper sediments.  Table 2 presents the results of the evaluation of 
these groundwater remediation technologies according to effectiveness and implementability.   
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The relative cost of eight implementable and effective groundwater technologies were evaluated.  The 
preliminary economic comparison is summarized in Table 3.  The very high permeability of the upper 
Hanford formation strata of the aquifer where the dissolved uranium contamination is located makes only 
limited, focused extraction pumping effective and feasible.  Treatment of the extracted water ex situ is 
generally not cost effective unless combined with some phosphate-related, in-situ stabilization 
technology.  Technologies that rely on water extraction, even if hydraulically successful, will only 
address the symptom but not the cause and source of the contamination.  The naturally occurring 
groundwater flows far exceed the scale of engineered pumping, yet the uranium contamination of the 
groundwater has persisted.  Presently, the two phosphate sequestration technologies appear to offer the 
best prospects for active treatment of dissolved uranium in the groundwater.  The cost of long-term 
pumping with ex-situ treatment is an order of magnitude higher than the in-situ treatment technologies.  
The cost comparison for extensive-area pumping updated the 1994 assumptions of 28 large extraction 
wells deployed to attempt interception of groundwater parallel to the Columbia River.  Pairing such a 
pumping system with the least costly ion-exchange treatment technology gives a capital cost of 
approximately $25 million.  Annual operation and maintenance of such technology would cost 
approximately $7 million annually.  Extended operation of such an extensive system over several 
decades, if effective, would require a long-term expenditure of approximately hundreds of million dollars.  
In-situ phosphate treatment technologies are estimated to require a relatively short-term expenditure of 
approximately $25 million dollars.  The two phosphate technologies differ somewhat in reagent 
deployment, but are similar in implementation and effectiveness and relative cost.  The phosphate 
technologies would expedite the water treatment because they can also treat the source of the uranium in 
the vadose zone sediments (Zone 2) and smear zone (Zone 3). 
6.5 Screening of Technologies for Smear Zone Sediments Contributing to 
Groundwater Contamination 
Screening of remediation technologies for the smear zone is presented in Table 4.  Table 5 presents the 
final screening based upon comparison of relative cost.  
The sediment in the fluctuating smear zone (Zone 3) is the conduit for lower vadose zone uranium to 
enter groundwater from source areas above and is potentially a repository of uranium acting as a source to 
groundwater contamination during high river stage.  The Zone 3 vertical dimensions vary with temporal 
changes in the water-table level associated with changes in Columbia River water levels (hence the term 
“smear zone.”)  This interface zone between the fully saturated aquifer below and the vadose zone above 
consists of sediment with varying degrees of sorbed uranium and pore water containing dissolved, mobile 
uranium.  Control or removal of uranium in this zone would prevent continuing replenishment of uranium 
into the upper Hanford formation aquifer where monitoring has indicated to be the primary location for 
dissolved uranium in the groundwater beneath the 300-FF-5 Operable Unit. 
The thickness of the groundwater smear zone is approximately 2.5 to 3 m (~8 to 10 ft) and fluctuates with 
both the seasonal and daily Columbia River level variations.  The median depth of this zone below ground 
surface varies between 9.75 and 12.25 m (~32 and 40 ft).  Consequently, access to this zone entails 
passage through the overlying vadose zone that may or may not be contaminated, depending upon 
proximity to the original contaminant discharge and prior remediation work. 
Six active technologies were identified to be considered in the screening process.  One physical 
technology (e.g., selective excavation) was identified as being effective and technically implementable. 
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Though significant volumes of uncontaminated overburden would require handling, excavation of the 
remaining uranium-contaminated sediment may be cost effective, particularly if part of a related 
construction excavation.  Slope stability set-back requirements, dewatering of contaminated sediment, and 
handling of vadose sediment overburden incur significant costs.  Pressure grouting of the targeted smear 
zone is technically difficult to affect beyond a radius of 1 m (3.28 ft).  Stabilization of the targeted zone 
by phosphate stabilization is judged to be effective, implementable, and economical.  Application by 
infiltration of phosphate would be facilitated by the relatively porous, sandy sediment fill above the 
targeted residual zone.  An ongoing pilot test is being conducted to verify the effectiveness and cost of 
phosphate stabilization.  Other chemical and biological technologies are either ineffective due to 
incomplete technical development, reaction reversibility, or application difficulties.   
6.6 Screening of Technologies for Vadose Zone Sediments 
Screening of remediation technologies for the vadose zone is presented in Tables 6 and 7. 
Uranium residuals have been encountered in soil/sediments directly below former waste disposal areas 
(Zone 1), such as the former discharge ponds.  Contaminated sediments have been excavated from 
beneath the former ponds as part of the 300-FF-1 Operable Unit clean-up to a level of 267 pCi/g prior to 
backfill placement.  Generally, the excavation depths in the pond areas did not extend to the water table. 
Consequently, residual uranium remains in this deeper portion of the vadose zone on sediment and in 
associated pore water that may migrate downward under some conditions as a source of uranium to the 
300-FF-5 Operable Unit groundwater.  
Ten active technologies applicable to the lower vadose zone sediments were identified and considered in 
the screening process.  One physical technology, further excavation, was identified as being effective and 
technically implementable.  Though significant volumes of uncontaminated overburden would require 
handling, excavation of the remaining uranium-contaminated sediment may be cost effective, particularly 
if part of a related construction excavation.  The two phosphate stabilization technologies are judged to be 
effective, implementable, and economical.  Application by infiltration of either phosphate technology 
would be facilitated by the relatively porous, sandy sediment fill above the targeted residual zone.  
Effective distribution and application of a reactive form of hydroxy apatite reagent other than liquid 
phosphate compounds is difficult in the relatively dry sediment.  The application of a mobilizing lixivant, 
analogous to solution mining, would require not only application infrastructure but also an effective 
collection infrastructure, making the relative cost higher than phosphate-reagent stabilization technology 
application.  Other chemical and biological technologies are either ineffective due to reaction reversibility 
or application difficulties.  
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rm
ea
bi
lit
y 
of
 
aq
ui
fe
r w
ou
ld
 m
ak
e 
co
ns
tru
ct
io
n 
of
 tr
en
ch
 v
er
y 
pr
ob
le
m
at
ic
 
N
o 
 
Tr
ea
te
d 
wa
te
r d
is
po
sa
l t
o 
su
rf
ac
e 
wa
te
r (
Co
lu
m
bi
a 
Ri
ve
r)
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
. V
er
y 
la
rg
e 
flo
w
s m
ay
 re
qu
ire
 sp
ec
ia
l 
di
ff
us
er
 o
r d
is
tri
bu
tio
n 
sy
st
em
 
to
 p
re
ve
nt
 e
xc
es
si
ve
 sc
ou
r, 
er
os
io
n,
 o
r e
co
lo
gi
ca
l i
ss
ue
s. 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
.  
W
at
er
 
qu
al
ity
 o
f t
re
at
ed
 w
at
er
 
di
sc
ha
rg
e 
w
ill
 c
on
tro
l N
PD
ES
 
pe
rm
itt
in
g.
 
Y
es
 
 
Tr
ea
te
d 
wa
te
r d
is
po
sa
l t
o 
gr
ou
nd
wa
te
r (
re
-in
je
ct
io
n)
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
.  
C
ar
e 
m
us
t 
be
 ta
ke
n 
to
 n
ot
 re
-in
je
ct
 in
 
lo
ca
tio
n 
w
he
re
 su
bs
ur
fa
ce
 
co
nt
am
in
at
io
n 
co
ul
d 
be
 
m
ob
ili
ze
d.
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
. 
Y
es
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 R
em
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(3
 o
f 6
) 
T
ec
hn
ol
og
y 
Ty
pe
 
T
ec
hn
ol
og
y 
E
ff
ec
tiv
e?
 
R
at
io
na
le
 fo
r 
E
ffe
ct
iv
en
es
s 
Sc
re
en
 
T
ec
hn
ic
al
ly
 
Im
pl
em
en
ta
bl
e?
 
R
at
io
na
le
 F
or
 
Im
pl
em
en
ta
bi
lit
y 
Sc
re
en
 
R
et
ai
n 
fo
r 
Fu
rt
he
r 
C
on
sid
er
at
io
n?
 
C
he
m
ic
al
 
Ex
-s
itu
 io
n 
ex
ch
an
ge
  
Y
es
 
Ef
fe
ct
iv
e 
fo
r l
ow
 
co
nc
en
tra
tio
ns
 o
f u
ra
ni
um
. 
Li
m
ite
d 
by
 e
ff
ec
tiv
en
es
s o
f 
gr
ou
nd
w
at
er
 e
xt
ra
ct
io
n.
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
. 
C
on
ce
nt
ra
te
d 
ur
an
iu
m
 so
lu
tio
n 
re
su
lti
ng
 fr
om
 re
si
n 
re
ge
ne
ra
tio
n 
w
ill
 re
qu
ire
 
tre
at
m
en
t/d
is
po
sa
l. 
Y
es
 
 
Ex
-s
itu
 re
ve
rs
e 
os
m
os
is
 
Y
es
 
Ef
fe
ct
iv
e 
fo
r l
ow
 
co
nc
en
tra
tio
ns
 o
f u
ra
ni
um
. 
Li
m
ite
d 
by
 e
ff
ec
tiv
en
es
s o
f 
gr
ou
nd
w
at
er
 e
xt
ra
ct
io
n.
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
. 
C
on
ce
nt
ra
te
d 
ur
an
iu
m
 so
lu
tio
n 
re
su
lti
ng
 fr
om
 p
ro
ce
ss
 w
ill
 
re
qu
ire
 tr
ea
tm
en
t/d
is
po
sa
l. 
Y
es
 
 
Ex
-s
itu
 p
re
ci
pi
ta
tio
n 
Y
es
 
Ef
fe
ct
iv
e 
on
ly
 fo
r h
ig
h 
co
nc
en
tra
tio
ns
 o
f u
ra
ni
um
 in
 
se
co
nd
ar
y 
w
as
te
 st
re
am
s. 
Li
m
ite
d 
by
 e
ff
ec
tiv
en
es
s o
f 
gr
ou
nd
w
at
er
 e
xt
ra
ct
io
n.
 
Y
es
 
Pr
ov
en
 te
ch
no
lo
gy
.  
R
es
ul
tin
g 
w
as
te
 st
re
am
 w
ill
 re
qu
ire
 
fu
rth
er
 p
ro
ce
ss
in
g.
 
Y
es
 
 
In
-s
itu
 fl
us
hi
ng
 
Y
es
 
Ef
fe
ct
iv
e 
on
ly
 o
n 
so
rb
ed
 
ur
an
iu
m
 w
he
re
 h
yd
ra
ul
ic
 
co
nt
ac
t a
nd
 c
on
ta
in
m
en
t w
ith
 
flu
sh
in
g 
so
lu
tio
n 
re
co
ve
ry
 c
an
 
be
 o
bt
ai
ne
d.
  N
ot
 e
ff
ec
tiv
e 
on
 
di
ss
ol
ve
d 
ur
an
iu
m
 p
er
 se
. 
N
o 
H
ig
h 
pe
rm
ea
bi
lit
y 
of
 a
qu
ife
r 
an
d 
fo
cu
si
ng
 tr
ea
tm
en
t t
o 
na
rr
ow
, u
pp
er
 z
on
e 
of
 
sa
tu
ra
te
d 
se
di
m
en
t a
re
 
pr
ob
le
m
at
ic
.  
M
or
e 
pr
op
er
ly
 
ap
pl
ie
d 
to
 sm
ea
r z
on
e 
or
 
va
do
se
 z
on
e 
co
nt
am
in
at
io
n.
 
Y
es
, f
or
 u
ra
ni
um
 
on
 se
di
m
en
ts
 
on
ly
 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
ZV
I 
N
o 
Sh
or
t-t
er
m
 e
ff
ec
tiv
en
es
s o
f 
iro
n 
re
m
ov
al
 b
y 
iro
n 
po
ss
ib
le
 
bu
t s
ub
je
ct
 to
 d
is
so
lv
ed
 
ox
yg
en
, t
em
pe
ra
tu
re
, p
H
, a
nd
 
m
et
al
 c
om
pl
ex
in
g 
ag
en
ts
.  
 
Lo
ng
-te
rm
 p
er
fo
rm
an
ce
 n
ot
 
ef
fe
ct
iv
e 
du
e 
bu
ild
up
 o
f 
pr
ec
ip
ita
te
s o
f c
ar
bo
na
te
 
m
in
er
al
s o
n 
re
ac
tiv
e 
su
rf
ac
es
. 
N
o 
Ex
ca
va
tio
n 
of
 b
ar
rie
r t
re
nc
h 
pr
ec
lu
de
d 
by
 la
rg
e 
ro
ck
s 
N
o 
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Te
ch
no
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gy
 S
cr
ee
n 
fo
r G
ro
un
dw
at
er
 R
em
ed
ia
tio
n 
(4
 o
f 6
) 
T
ec
hn
ol
og
y 
Ty
pe
 
T
ec
hn
ol
og
y 
E
ff
ec
tiv
e?
 
R
at
io
na
le
 fo
r 
E
ffe
ct
iv
en
es
s 
Sc
re
en
 
T
ec
hn
ic
al
ly
 
Im
pl
em
en
ta
bl
e?
 
R
at
io
na
le
 F
or
 
Im
pl
em
en
ta
bi
lit
y 
Sc
re
en
 
R
et
ai
n 
fo
r 
Fu
rt
he
r 
C
on
sid
er
at
io
n?
 
C
he
m
ic
al
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
am
or
ph
ou
s f
er
ric
 
ox
yh
yd
ro
xi
de
 
N
o 
U
ra
ni
um
 p
re
vi
ou
sl
y 
so
rb
ed
 o
n 
am
or
ph
ou
s f
er
ric
 
ox
yh
yd
ro
xi
de
 m
at
er
ia
l t
en
ds
 
to
 b
e 
de
so
rb
ed
 w
ith
 lo
w
er
 
ur
an
iu
m
 c
on
ce
nt
ra
tio
ns
, 
re
su
lti
ng
 in
 a
 re
-r
el
ea
se
 o
f 
ur
an
iu
m
 o
ve
r t
he
 lo
ng
 te
rm
. 
N
o 
Ex
ca
va
tio
n 
of
 b
ar
rie
r t
re
nc
h 
pr
ec
lu
de
d 
by
 la
rg
e 
ro
ck
s 
N
o 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
hy
dr
ox
ya
pa
tit
e 
N
o 
Le
as
t e
ff
ec
tiv
e 
m
ed
ia
 fo
r 
ur
an
iu
m
 re
m
ov
al
 re
la
tiv
e 
to
 
am
or
ph
ou
s f
er
ric
 
ox
yh
yd
ro
xi
de
 o
r z
er
o-
va
le
nt
 
iro
n 
(N
af
tz
 e
t a
l. 
20
02
) 
N
o 
Ex
ca
va
tio
n 
of
 b
ar
rie
r t
re
nc
h 
pr
ec
lu
de
d 
by
 la
rg
e 
ro
ck
s 
N
o 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
ze
ol
ite
 
N
o 
Ef
fic
ie
nc
y 
an
d 
lo
ng
ev
ity
 o
f 
ze
ol
ite
 d
ep
en
ds
 o
n 
so
rp
tiv
e 
ca
pa
ci
ty
 a
nd
 sp
ec
ifi
ci
ty
 fo
r 
ur
an
iu
m
.  
R
ea
ct
io
ns
 th
at
 c
au
se
 
cl
og
gi
ng
 a
nd
 su
rf
ac
e 
pa
ss
iv
at
io
n 
ar
e 
lik
el
y 
to
 b
e 
le
ss
 si
gn
ifi
ca
nt
 b
ec
au
se
 th
e 
ch
em
ic
al
 m
ec
ha
ni
sm
 is
 
pr
im
ar
ily
 c
at
io
n 
ex
ch
an
ge
. N
o 
ur
an
iu
m
 sp
ec
ifi
c 
ze
ol
ite
s 
kn
ow
n.
 
N
o 
Ex
ca
va
tio
n 
of
 b
ar
rie
r t
re
nc
h 
pr
ec
lu
de
d 
by
 la
rg
e 
ro
ck
s 
N
o 
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
in
je
ct
ed
 p
ol
yp
ho
sp
ha
te
 
? 
Ef
fe
ct
iv
en
es
s c
on
tro
lle
d 
by
 
ap
pl
ic
at
io
n 
de
si
gn
 a
nd
 
gr
ou
nd
w
at
er
 fl
ow
.  
R
ap
id
 
au
tu
ni
te
 fo
rm
at
io
n 
im
m
ob
ili
ze
s u
ra
ni
um
.  
Lo
ng
er
-te
rm
 a
pa
tit
e 
fo
rm
at
io
n 
pr
ov
id
es
 b
ac
ku
p 
pr
oc
es
s. 
Pr
om
is
in
g 
bu
t n
ot
 fu
lly
 
de
ve
lo
pe
d.
 
Y
es
 
M
ul
tip
le
 li
ne
ar
 a
rr
ay
s o
f 
ap
pl
ic
at
io
n 
w
el
ls
 c
ou
ld
 a
llo
w
 
de
pl
oy
m
en
t i
n 
se
di
m
en
ts
 w
ith
 
la
rg
e 
bo
ul
de
rs
.  
Im
pl
em
en
ta
bi
lit
y 
re
m
ai
ns
 to
 b
e 
de
m
on
st
ra
te
d.
 
Y
es
 
  
24 
 
T
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Te
ch
no
lo
gy
 S
cr
ee
n 
fo
r G
ro
un
dw
at
er
 R
em
ed
ia
tio
n 
(5
 o
f 6
) 
T
ec
hn
ol
og
y 
Ty
pe
 
T
ec
hn
ol
og
y 
E
ff
ec
tiv
e?
 
R
at
io
na
le
 fo
r 
E
ffe
ct
iv
en
es
s 
Sc
re
en
 
T
ec
hn
ic
al
ly
 
Im
pl
em
en
ta
bl
e?
 
R
at
io
na
le
 F
or
 
Im
pl
em
en
ta
bi
lit
y 
Sc
re
en
 
R
et
ai
n 
fo
r 
Fu
rt
he
r 
C
on
sid
er
at
io
n?
 
C
he
m
ic
al
 
D
A
R
T 
em
pl
ac
em
en
t o
f 
ZV
I a
nd
 a
pa
tit
e 
pe
lle
ts
 in
 
w
el
ls
 
N
o 
Th
e 
ap
pl
ic
at
io
n 
of
 th
e 
so
lid
 
ph
as
e 
re
ag
en
ts
 re
qu
ire
s c
lo
se
 
sp
ac
in
g 
(n
ot
 m
or
e 
th
an
 tw
o 
w
el
l d
ia
m
et
er
s)
 o
f m
an
y 
w
el
ls
. 
Lo
ng
-te
rm
 p
er
fo
rm
an
ce
 is
 
co
m
pr
om
is
ed
 b
y 
bu
ild
up
 o
f 
de
po
si
ts
 a
nd
 p
re
ci
pi
ta
te
s o
n 
re
ac
tiv
e 
m
ed
ia
. 
N
o 
Th
is
 te
ch
no
lo
gy
 a
ss
um
es
 th
at
 
th
e 
em
pl
ac
ed
 re
ag
en
ts
 h
av
e 
a 
hi
gh
er
 p
er
m
ea
bi
lit
y 
th
an
 th
e 
su
rr
ou
nd
in
g 
fo
rm
at
io
n.
  T
he
 
ve
ry
 h
ig
h 
pe
rm
ea
bi
lit
y 
of
 th
e 
H
an
fo
rd
 fo
rm
at
io
n,
 w
he
re
 
m
os
t o
f t
he
 c
on
ta
m
in
at
io
n 
ex
is
ts
, m
ak
es
 e
m
pl
ac
em
en
t 
pr
ob
le
m
at
ic
. 
N
o 
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
na
no
pa
rti
cl
e 
in
je
ct
io
n 
N
o 
Te
ch
no
lo
gy
 in
 d
ev
el
op
m
en
t. 
Ef
fe
ct
iv
en
es
s, 
pa
rti
cu
la
rly
 
ov
er
 th
e 
lo
ng
 te
rm
 is
 
pr
ob
le
m
at
ic
 d
ue
 to
 re
ox
id
at
io
n 
an
d 
re
m
ob
ili
za
tio
n 
fr
om
 Z
V
I. 
Y
es
 
N
an
op
ar
tic
le
 c
om
po
si
tio
n 
is
 
un
sp
ec
ifi
ed
, b
ut
 z
er
o-
va
le
nt
 
iro
n 
is
 th
e 
pr
in
ci
pa
l c
an
di
da
te
 
N
o 
 
C
ol
lo
id
al
 Z
V
I i
nj
ec
tio
n 
N
o 
Te
ch
no
lo
gy
 in
 d
ev
el
op
m
en
t. 
Ef
fe
ct
iv
en
es
s, 
pa
rti
cu
la
rly
 
ov
er
 th
e 
lo
ng
 te
rm
 is
 
pr
ob
le
m
at
ic
.  
Lo
ng
-te
rm
 
pe
rf
or
m
an
ce
 is
 n
ot
 e
ff
ec
tiv
e 
du
e 
bu
ild
up
 o
f p
re
ci
pi
ta
te
s o
f 
ca
rb
on
at
e 
m
in
er
al
s o
n 
re
ac
tiv
e 
su
rf
ac
es
. 
Y
es
 
C
om
bi
ne
 w
ith
 in
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r b
y 
na
no
pa
rti
cl
e/
 
co
llo
id
al
 in
je
ct
io
n 
N
o 
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
ca
lc
iu
m
 c
itr
at
e 
an
d 
so
di
um
 
ph
os
ph
at
e 
in
je
ct
io
n 
? 
M
ic
ro
bi
al
 d
eg
ra
da
tio
n 
of
 
ci
tra
te
 o
ve
r t
im
e 
fa
ci
lit
at
es
 
ap
pl
ic
at
io
n 
of
 p
ho
sp
ha
te
 to
 
fo
rm
 a
pa
tit
e 
im
m
ob
ili
za
tio
n 
of
 
ur
an
iu
m
.  
Ex
pe
rim
en
ta
l 
te
ch
no
lo
gy
 in
 fi
el
d 
ap
pl
ic
at
io
n.
 
Y
es
 
In
je
ct
io
n 
of
 re
ag
en
ts
 in
 
m
ul
tip
le
 w
el
ls
 to
 fo
rm
 a
n 
in
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r a
vo
id
s 
pr
ob
le
m
s w
ith
 e
xc
av
at
ed
 
tre
nc
h 
co
ns
tru
ct
io
n 
Y
es
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 S
cr
ee
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fo
r G
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at
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 R
em
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 o
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)  
T
ec
hn
ol
og
y 
Ty
pe
 
T
ec
hn
ol
og
y 
E
ff
ec
tiv
e?
 
R
at
io
na
le
 fo
r 
E
ffe
ct
iv
en
es
s 
Sc
re
en
 
T
ec
hn
ic
al
ly
 
Im
pl
em
en
ta
bl
e?
 
R
at
io
na
le
 F
or
 
Im
pl
em
en
ta
bi
lit
y 
Sc
re
en
 
R
et
ai
n 
fo
r 
Fu
rt
he
r 
C
on
sid
er
at
io
n?
 
C
he
m
ic
al
 
In
-s
itu
 re
do
x 
m
an
ip
ul
at
io
n 
by
 d
ith
io
ni
te
 in
je
ct
io
n 
N
o 
A
pp
lic
at
io
n 
ef
fe
ct
iv
en
es
s 
co
nt
ro
lle
d 
by
 st
ra
tig
ra
ph
y.
 
Sh
or
t-t
er
m
 e
ff
ec
tiv
en
es
s o
f 
re
do
x 
re
ac
tio
n 
co
nt
ro
lle
d 
by
 
pr
es
en
ce
 o
f a
va
ila
bl
e 
iro
n.
 
Lo
ng
-te
rm
 m
ai
nt
en
an
ce
 o
f 
re
du
ce
d 
co
nd
iti
on
s r
eq
ui
re
d 
to
 
m
ai
nt
ai
n 
im
m
ob
ili
za
tio
n 
is
 
pr
ob
le
m
at
ic
. 
Y
es
 
A
pp
lic
at
io
n 
an
d 
in
je
ct
io
n 
of
 
re
ag
en
t u
se
s m
ul
tip
le
 in
je
ct
io
n 
w
el
ls
.  
N
um
be
r o
f w
el
ls
 is
 
co
nt
ro
lle
d 
by
 w
el
l s
pa
ci
ng
, 
w
hi
ch
 re
m
ai
ns
 to
 b
e 
de
te
rm
in
ed
 fo
r s
ite
 c
on
di
tio
ns
. 
Fo
llo
w
-u
p 
ap
pl
ic
at
io
n 
of
 
re
ag
en
t f
ea
si
bl
e 
w
ith
 w
el
ls
. 
N
o 
B
io
lo
gi
ca
l 
M
ic
ro
bi
al
 d
is
si
m
ila
to
ry
 
re
du
ct
io
n 
of
 U
(V
I)
 
N
o 
Th
ou
gh
 sh
or
t-t
er
m
 
st
ab
ili
za
tio
n 
is
 li
ke
ly
 e
ff
ec
tiv
e,
 
lo
ng
-te
rm
 st
ab
ili
ty
 o
f u
ra
ni
um
 
is
 n
ot
 e
ff
ec
tiv
e 
un
le
ss
 
co
nt
in
ui
ng
 b
io
lo
gi
ca
l 
tre
at
m
en
t i
s a
pp
lie
d 
pe
rio
di
ca
lly
 in
 p
er
pe
tu
ity
 
N
o 
Lo
ng
-te
rm
 m
ai
nt
en
an
ce
 o
f 
bi
ol
og
ic
al
ly
 re
du
ce
d 
zo
ne
 is
 
pr
ob
le
m
at
ic
 
N
o 
 
A
na
er
ob
ic
 in
-s
itu
 re
ac
tiv
e 
zo
ne
 
N
o 
Th
ou
gh
 sh
or
t-t
er
m
 
st
ab
ili
za
tio
n 
is
 li
ke
ly
 e
ff
ec
tiv
e,
 
lo
ng
-te
rm
 st
ab
ili
ty
 o
f u
ra
ni
um
 
is
 n
ot
 e
ff
ec
tiv
e 
un
le
ss
 
co
nt
in
ui
ng
 b
io
lo
gi
ca
l 
tre
at
m
en
t i
s a
pp
lie
d 
pe
rio
di
ca
lly
 in
 p
er
pe
tu
ity
. 
A
dd
iti
on
 o
f i
ro
n 
an
d/
or
 su
lfu
r 
ad
di
tiv
es
 d
el
ay
s b
ut
 d
oe
s n
ot
 
pr
ev
en
t r
e-
ox
id
at
io
n 
an
d 
re
-m
ob
ili
za
tio
n 
of
 u
ra
ni
um
. 
N
o 
Lo
ng
-te
rm
 m
ai
nt
en
an
ce
 o
f 
bi
ol
og
ic
al
ly
 re
du
ce
d 
zo
ne
 is
 
pr
ob
le
m
at
ic
 
N
o 
Ita
lic
 te
xt
 in
di
ca
te
s t
ec
hn
ol
og
ie
s t
ha
t o
rig
in
at
ed
 in
 th
e 
Ph
as
e 
I a
nd
 II
 fe
as
ib
ili
ty
 st
ud
y 
(D
O
E-
R
L 
19
94
). 
? 
= 
In
su
ff
ic
ie
nt
 d
at
a.
 
D
A
R
T 
= 
 D
ire
ct
ed
 a
pp
lie
d 
re
ag
en
t t
ec
hn
ol
og
y.
 
N
PD
ES
 =
 N
at
io
na
l P
ol
lu
ta
nt
 D
is
ch
ar
ge
 E
lim
in
at
io
n 
Sy
st
em
. 
ZV
I =
 Z
er
o 
va
le
nt
 ir
on
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T
ec
hn
ol
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T
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y 
E
ffe
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iv
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T
ec
hn
ic
al
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Im
pl
em
en
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e?
 
R
et
ai
n 
fo
r 
Fu
rt
he
r 
C
on
si
de
ra
tio
n?
 
R
at
io
na
le
 fo
r 
C
os
t E
va
lu
at
io
n 
R
et
ai
n 
fo
r 
A
lte
rn
at
iv
e 
A
ss
em
bl
y?
 
Pa
ss
iv
e 
N
o 
ac
tio
n 
--
 
Y
es
 
Y
es
 
C
on
tin
ue
d 
m
on
ito
rin
g 
fo
r i
nd
ef
in
ite
 p
er
io
d 
w
ith
 
co
nt
in
ue
d 
ur
an
iu
m
 e
xp
os
ur
e 
to
 th
e 
en
vi
ro
nm
en
t. 
R
et
ai
n 
fo
r "
ba
se
lin
e"
 c
as
e.
 
Y
es
 
 
In
st
itu
tio
na
l c
on
tr
ol
s 
Y
es
 
Y
es
 
Y
es
 
C
on
tin
ue
d 
m
on
ito
rin
g 
fo
r i
nd
ef
in
ite
 p
er
io
d 
w
ith
 
co
nt
in
ue
d 
ur
an
iu
m
 e
xp
os
ur
e 
to
 th
e 
en
vi
ro
nm
en
t. 
In
cr
em
en
ta
lly
 h
ig
he
r o
pe
ra
tio
n 
an
d 
m
ai
nt
en
an
ce
 
co
st
s t
o 
m
ai
nt
ai
n 
ac
ce
ss
 c
on
tro
ls
; h
ow
ev
er
, l
on
g-
te
rm
 ri
sk
 o
f c
os
tly
 n
at
ur
al
 re
so
ur
ce
s d
am
ag
e 
as
se
ss
m
en
t. 
Y
es
 
 
M
on
ito
re
d 
na
tu
ra
l a
tte
nu
at
io
n 
Y
es
 
Y
es
 
Y
es
 
C
on
tin
ue
d 
m
on
ito
rin
g 
fo
r i
nd
ef
in
ite
 p
er
io
d 
w
ith
 
co
nt
in
ue
d 
ur
an
iu
m
 e
xp
os
ur
e 
to
 th
e 
en
vi
ro
nm
en
t. 
Ef
fe
ct
iv
el
y 
a 
co
nt
in
ua
tio
n 
of
 th
e 
pr
es
en
t i
nt
er
im
 
ac
tio
n 
w
ith
 th
e 
po
te
nt
ia
l n
ee
d 
fo
r a
dd
iti
on
al
 
m
on
ito
rin
g 
w
el
ls
 a
t a
dd
iti
on
al
 e
xp
en
se
. 
Y
es
 
Ph
ys
ic
al
 
Sl
ur
ry
 w
al
l c
on
ta
in
m
en
t 
? 
N
o 
--
 
--
 
--
 
 
G
ro
ut
 w
al
ls
 - 
gr
ou
t i
nj
ec
tio
n 
? 
? 
--
 
--
 
--
 
 
G
ro
ut
 w
al
ls
 - 
de
ep
 so
il 
m
ix
in
g 
? 
N
o 
--
 
--
 
--
 
 
Se
le
ct
iv
e 
hy
dr
au
lic
 
co
nt
ai
nm
en
t w
ith
 p
um
pi
ng
 
N
o 
Y
es
 
--
 
--
 
--
 
 
G
ro
un
dw
at
er
 e
xt
ra
ct
io
n-
in
te
rc
ep
to
r t
re
nc
h 
? 
N
o 
--
 
--
 
--
 
 
Tr
ea
te
d 
w
at
er
 d
is
po
sa
l t
o 
su
rf
ac
e 
w
at
er
 (C
ol
um
bi
a 
Ri
ve
r)
 
Ye
s 
Ye
s 
Y
es
 
D
is
po
sa
l t
o 
C
ol
um
bi
a 
R
iv
er
 is
 le
ss
 c
os
tly
 th
an
 
re
-in
je
ct
io
n.
  H
ow
ev
er
, p
um
pi
ng
 a
nd
 tr
ea
tm
en
t o
f 
gr
ou
nd
w
at
er
 e
x 
si
tu
 is
 a
t l
ea
st
 o
ne
 o
rd
er
 o
f 
m
ag
ni
tu
de
 m
or
e 
co
st
ly
 th
an
 in
-s
itu
 tr
ea
tm
en
t. 
N
o 
 
Tr
ea
te
d 
w
at
er
 d
is
po
sa
l t
o 
gr
ou
nd
w
at
er
 (r
e-
in
je
ct
io
n)
 
Ye
s 
Ye
s 
Y
es
 
M
or
e 
co
st
ly
 th
an
 d
is
ch
ar
ge
 to
 C
ol
um
bi
a 
R
iv
er
 
un
le
ss
 c
om
bi
ne
d 
w
ith
 in
-s
itu
 tr
ea
tm
en
t a
s r
eq
ui
re
d 
fo
r  
hy
dr
au
lic
 c
on
tro
l. 
V
er
y 
ex
pe
ns
iv
e 
ex
-s
itu
 
tre
at
m
en
t c
os
ts
 fa
vo
r r
e-
in
je
ct
io
n 
in
 c
om
bi
na
tio
n 
w
ith
 a
n 
in
-s
itu
 tr
ea
tm
en
t. 
N
o,
 w
ou
ld
 
on
ly
 b
e 
us
ed
 
w
he
re
 
ap
pr
op
ria
te
 
fo
r h
yd
ra
ul
ic
 
co
nt
ro
l o
f i
n-
si
tu
 p
ro
ce
ss
  
  
27 
T
ab
le
 3
.  
C
os
t S
cr
ee
n 
fo
r G
ro
un
dw
at
er
 R
em
ed
ia
tio
n 
Te
ch
no
lo
gi
es
 (2
 o
f 3
) 
T
ec
hn
ol
og
y 
Ty
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ol
og
y 
E
ffe
ct
iv
e?
 
T
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al
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Im
pl
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en
ta
bl
e?
 
R
et
ai
n 
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r 
Fu
rt
he
r 
C
on
si
de
ra
tio
n?
 
R
at
io
na
le
 fo
r 
C
os
t E
va
lu
at
io
n 
R
et
ai
n 
fo
r 
A
lte
rn
at
iv
e 
A
ss
em
bl
y?
 
Ph
ys
ic
al
/ 
C
he
m
ic
al
 
G
ro
un
dw
at
er
 e
xt
ra
ct
io
n-
w
el
ls
 
w
ith
 in
-s
itu
 tr
ea
tm
en
t  
(r
e-
in
je
ct
io
n)
 
Y
es
 fo
r 
m
ak
e-
up
 
w
at
er
  
Y
es
 
Y
es
 
R
et
ai
ne
d 
on
ly
 if
 in
-s
itu
 tr
ea
tm
en
t r
eq
ui
re
s h
yd
ra
ul
ic
 
co
nt
ro
l. 
  
N
o,
 w
ou
ld
 
on
ly
 b
e 
us
ed
 
w
he
re
 
ap
pr
op
ria
te
 
fo
r h
yd
ra
ul
ic
 
co
nt
ro
l o
f i
n-
si
tu
 p
ro
ce
ss
  
Ph
ys
ic
al
/ 
C
he
m
ic
al
 
G
ro
un
dw
at
er
 e
xt
ra
ct
io
n-
w
el
ls 
w
ith
 e
x-
si
tu
 tr
ea
tm
en
t (
se
e 
Tr
ea
tm
en
ts
 B
el
ow
) 
? 
Fo
r U
 
ca
pt
ur
e 
in
 
H
an
fo
rd
 
fo
rm
at
io
n 
 
Y
es
 
Y
es
 
A
 li
m
ite
d 
sy
st
em
 o
f 7
 w
el
ls
 (3
50
 g
pm
) w
ou
ld
 c
os
t 
~$
80
0,
00
0 
w
ith
ou
t t
re
at
m
en
t. 
PV
 o
f 1
00
 y
ea
rs
 
op
er
at
io
n 
w
ith
 io
n 
ex
ch
an
ge
 ~
 $
60
 m
ill
io
n.
 N
ot
 c
os
t 
ef
fe
ct
iv
e 
fo
r m
or
e 
th
an
 5
 y
ea
rs
 o
f o
pe
ra
tio
n.
 
N
o 
C
he
m
ic
al
 
Ex
-s
itu
 io
n 
ex
ch
an
ge
 
of
 p
um
pe
d 
gr
ou
nd
w
at
er
 
Y
es
 
Y
es
 
Y
es
 
Sm
al
l u
ni
t ~
 3
00
 g
pm
: P
V
 o
f 1
00
 y
ea
rs
 o
pe
ra
tio
n 
w
ith
 io
n 
ex
ch
an
ge
 ~
 $
60
 m
ill
io
n.
 N
ot
 c
os
t e
ff
ec
tiv
e 
fo
r m
or
e 
th
an
 5
 y
ea
rs
 o
f o
pe
ra
tio
n.
 L
ar
ge
 u
ni
t ~
40
00
 
gp
m
: p
ro
hi
bi
tiv
el
y 
ex
pe
ns
iv
e-
PV
 fo
r 1
00
 y
ea
rs
 o
n 
th
e 
or
de
r o
f $
25
0 
m
ill
io
n.
 
N
o 
 
Ex
-s
itu
 re
ve
rs
e 
os
m
os
is
 
of
 p
um
pe
d 
gr
ou
nd
w
at
er
 
Y
es
 
Y
es
 
Y
es
 
M
or
e 
co
st
ly
 th
an
 e
x-
si
tu
 io
n 
ex
ch
an
ge
 
N
o 
 
Ex
-s
itu
 p
re
ci
pi
ta
tio
n 
of
 p
um
pe
d 
gr
ou
nd
w
at
er
 
Y
es
 
Y
es
 
Y
es
 
M
or
e 
co
st
ly
 th
an
 e
x-
si
tu
 io
n 
ex
ch
an
ge
 
N
o 
 
In
-s
itu
 fl
us
hi
ng
 
Y
es
 
N
o 
Y
es
, f
or
 u
ra
ni
um
 
on
 se
di
m
en
ts
 
on
ly
 
In
-s
itu
 fl
us
hi
ng
 N
O
T 
co
st
 e
ff
ec
tiv
e,
 in
 h
ig
h 
pe
rm
ea
bi
lit
y 
aq
ui
fe
r d
ue
 to
 p
oo
r c
on
tro
l. 
N
ot
 
ap
pl
ic
ab
le
 to
 th
in
 in
te
rf
ac
e 
zo
ne
 d
ep
os
its
 o
f u
ra
ni
um
 
fo
un
d 
in
 li
m
ite
d 
fie
ld
 in
ve
st
ig
at
io
n.
 
N
o 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
ZV
I 
N
o 
N
o 
--
 
--
 
--
 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
am
or
ph
ou
s f
er
ric
 
ox
yh
yd
ro
xi
de
 
N
o 
N
o 
--
 
--
 
--
 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
hy
dr
ox
ya
pa
tit
e 
N
o 
N
o 
--
 
--
 
--
 
 
Pe
rm
ea
bl
e 
re
ac
tiv
e 
ba
rr
ie
r-
ze
ol
ite
 
N
o 
N
o 
--
 
--
 
--
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at
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C
he
m
ic
al
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
in
je
ct
ed
 p
ol
yp
ho
sp
ha
te
 
? 
Y
es
 
Y
es
 
In
 si
tu
 st
ab
ili
za
tio
n 
of
 u
ra
ni
um
 is
 g
en
er
al
ly
 o
ne
 
or
de
r o
f m
ag
ni
tu
de
 le
ss
 th
an
 p
um
p-
an
d-
tre
at
 
te
ch
no
lo
gy
. ~
 $
25
 m
ill
io
n 
de
pe
nd
in
g 
up
on
 e
xt
en
t 
of
 d
ep
lo
ym
en
t. 
Y
es
 
 
D
A
R
T 
im
pl
ac
em
en
t o
f Z
V
I 
an
d 
ap
at
ite
 p
el
le
ts
 in
 w
el
ls
 
N
o 
Y
es
 
--
 
--
 
--
 
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
na
no
pa
rti
cl
e 
in
je
ct
io
n 
N
o 
Y
es
 
--
 
--
 
--
 
 
C
ol
lo
id
al
 Z
V
I i
nj
ec
tio
n 
N
o 
Y
es
 
--
 
--
 
--
 
 
In
-s
itu
 re
ac
tiv
e 
ba
rr
ie
r-
ca
lc
iu
m
 c
itr
at
e 
&
 so
di
um
 
ph
os
ph
at
e 
in
je
ct
io
n 
? 
Y
es
 
Y
es
 
In
 si
tu
 st
ab
ili
za
tio
n 
of
 u
ra
ni
um
 is
 g
en
er
al
ly
 o
ne
 
or
de
r o
f m
ag
ni
tu
de
 le
ss
 th
an
 p
um
p-
an
d-
tre
at
 
te
ch
no
lo
gy
. ~
 $
25
 m
ill
io
n 
de
pe
nd
in
g 
up
on
 e
xt
en
t 
of
 d
ep
lo
ym
en
t. 
Y
es
 
 
In
-s
itu
 re
do
x 
m
an
ip
ul
at
io
n 
by
 d
ith
io
ni
te
 in
je
ct
io
n 
N
o 
Y
es
 
--
 
--
 
--
 
B
io
lo
gi
ca
l 
M
ic
ro
bi
al
 d
is
si
m
ila
to
ry
 
re
du
ct
io
n 
of
 U
(V
I)
 
N
o 
N
o 
--
 
--
 
--
 
  
A
na
er
ob
ic
 in
-s
itu
 re
ac
tiv
e 
zo
ne
 
N
o 
N
o 
--
 
--
 
--
 
Ita
lic
 te
xt
 in
di
ca
te
s t
ec
hn
ol
og
ie
s t
ha
t o
rig
in
at
ed
 in
 th
e 
Ph
as
e 
I a
nd
 II
 fe
as
ib
ili
ty
 st
ud
y 
(D
O
E-
R
L 
19
94
). 
U
 =
 U
ra
ni
um
. 
? 
= 
In
su
ff
ic
ie
nt
 d
at
a.
 
D
A
R
T 
= 
D
ire
ct
ed
 a
pp
lie
d 
re
ag
en
t t
ec
hn
ol
og
y.
 
PV
 =
 P
re
se
nt
 v
al
ue
. 
R
ed
ox
 =
 R
ed
uc
tio
n 
an
d 
ox
id
at
io
n.
 
ZV
I =
  Z
er
o 
va
le
nt
 ir
on
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R
at
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 F
or
 
Im
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bi
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Sc
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R
et
ai
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fo
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Fu
rt
he
r 
C
on
sid
er
at
io
n?
Pa
ss
iv
e 
N
o 
ac
tio
n 
 --
 
--
 
Y
es
 
R
et
ai
ne
d 
as
 “
ba
se
lin
e"
 c
as
e.
 
Y
es
 
Ph
ys
ic
al
 
Se
le
ct
iv
e 
ex
ca
va
tio
n 
to
 
w
at
er
 ta
bl
e 
Y
es
 
D
ee
pe
r e
xc
av
at
io
n 
re
m
ov
es
 
ur
an
iu
m
 re
si
du
al
s w
he
re
 
en
co
un
te
re
d 
Y
es
 
Im
pl
em
en
ta
bl
e 
on
ly
 fo
r f
oc
us
ed
, 
lo
ca
liz
ed
 a
re
as
.  
Ex
ca
va
tio
n 
si
de
 
w
al
l s
ta
bi
lit
y 
w
ou
ld
 re
qu
ire
 
ha
nd
lin
g 
la
rg
e 
so
il 
vo
lu
m
es
 a
nd
 
so
il 
m
oi
st
ur
e 
w
ou
ld
 re
qu
ire
 
de
w
at
er
in
g 
pr
oc
es
se
s. 
 H
ow
ev
er
, 
ex
ca
va
tio
n 
is
 fe
as
ib
le
. 
 Y
es
 
  
Pr
es
su
re
 g
ro
ut
 in
je
ct
io
n 
at
 
w
at
er
 ta
bl
e 
w
ith
 d
en
se
 p
us
h 
ro
d 
w
el
l p
at
te
rn
 
Y
es
 
G
ro
ut
 c
an
 st
ab
ili
ze
 a
nd
 is
ol
at
e 
ur
an
iu
m
 fr
om
 g
ro
un
dw
at
er
 
N
o 
Ef
fic
ac
y 
of
 te
ch
no
lo
gy
 
de
pe
nd
en
t u
po
n 
si
te
 c
on
di
tio
ns
. 
If
 sm
ea
r z
on
e 
is
 w
id
es
pr
ea
d,
 
gr
ou
t i
nj
ec
tio
n 
is
 to
o 
lo
ca
liz
ed
 b
e 
ef
fe
ct
iv
e.
 
N
o 
C
he
m
ic
al
 
In
je
ct
io
n 
of
 re
ac
tiv
e 
su
bs
ta
nc
e 
to
 fo
rm
 w
at
er
 
ba
rr
ie
r a
t w
at
er
 ta
bl
e 
Y
es
 
Ph
ys
ic
al
 m
ec
ha
ni
cs
 o
f 
ap
pl
ic
at
io
n 
an
d 
co
nt
ai
nm
en
t 
lim
it 
ef
fe
ct
iv
en
es
s. 
 R
ea
ct
iv
e 
su
bs
ta
nc
e 
us
ed
 d
et
er
m
in
es
 
ef
fe
ct
iv
en
es
s. 
N
o 
Ph
ys
ic
al
ly
 fe
as
ib
le
.  
A
ge
nt
 n
ot
 
ye
t i
de
nt
ifi
ed
 o
r a
va
ila
bl
e.
 
N
o 
  
St
ab
ili
za
tio
n 
by
 a
pp
lic
at
io
n 
of
 p
ol
yp
ho
sp
ha
te
 so
lu
tio
n 
? 
A
pp
lic
at
io
n 
ef
fe
ct
iv
en
es
s 
co
nt
ro
lle
d 
by
 st
ra
tig
ra
ph
y.
  
R
ap
id
 a
ut
un
ite
 fo
rm
at
io
n 
im
m
ob
ili
ze
s u
ra
ni
um
.  
Lo
ng
er
-
te
rm
 a
pa
tit
e 
fo
rm
at
io
n 
pr
ov
id
es
 
ba
ck
up
 p
ro
ce
ss
.  
Pr
om
is
in
g 
bu
t 
no
t f
ul
ly
 d
ev
el
op
ed
. 
Y
es
 
Po
ly
ph
os
ph
at
e 
ap
pl
ic
at
io
n 
m
ay
 
be
 c
on
fig
ur
ed
 fo
r d
iff
er
en
tia
l 
re
ac
tio
n 
ra
te
 a
nd
 d
el
iv
er
y 
co
nd
iti
on
s. 
 D
ua
l d
el
iv
er
y 
m
od
es
: p
er
co
la
tio
n 
fr
om
 su
rf
ac
e 
ap
pl
ic
at
io
n 
or
 ti
m
ed
 fl
oo
di
ng
 
w
ith
 e
le
va
te
d 
w
at
er
 ta
bl
e 
te
ch
ni
qu
es
. 
Y
es
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 p
ro
bl
em
at
ic
 
N
o 
 
B
io
lo
gi
ca
l 
A
na
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 re
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Y
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A
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du
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ha
s b
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de
m
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te
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  H
ow
ev
er
, l
on
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te
rm
 m
ai
nt
en
an
ce
 o
f r
ed
uc
tiv
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ne
 n
ot
 p
ro
ve
n.
 
N
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M
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 o
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du
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ne
 p
ro
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 7.0 Summary of Technology Screen 
Potential remediation technologies and management practices have been identified to reduce uranium 
concentrations in groundwater within the 300-FF-5 Operable Unit.  Because recent characterization has 
identified sources of uranium contributing to the groundwater contamination on sediments at the 
groundwater interface or “smear zone” (Zone 3) and potentially within the deep-vadose zone sediments 
beneath original uranium waste discharge areas, the technology inventory was expanded from the original 
aquifer centric scope of the Phase I and II feasibility study (DOE-RL 1994). 
Fifty-three technologies or management techniques for groundwater were initially identified.  Thirteen of 
the 53 technologies were additions to the 40 identified in the original feasibility study (DOE-RL 1994).  
The additions are new in-situ technologies that were not known earlier.  Evaluation of these technologies 
on the basis of criteria from the 1994 feasibility study (DOE-RL 1994), including adjustments for 2006 
conditions and with a focus on groundwater technologies, narrowed the original 53 technologies to 
29 candidate technologies for groundwater.  With the consolidation of 3 institutional control actions into 
1 action, 27 actions and technologies were reduced to 13 using criteria of effectiveness and 
implementability.  The 13 remaining technologies were reduced to 2 active technologies and 2 passive 
management strategies using the relative cost criteria. 
The resulting active technologies for groundwater are as follows: 
• In-situ polyphosphate treatment 
• In-situ calcium citrate and sodium phosphate treatment. 
The resulting passive management strategies for groundwater are as follows: 
• Institutional Controls (Land-use restrictions, access controls) 
• Monitored Natural Attenuation 
Because the 1994 feasibility study (DOE-RL 1994) did not address the smear zone (Zone 3) where 
fluctuating water elevations produce a wetted layer of sediment, a new list of six prospective technologies 
was initially identified.  The six technologies were reduced to two technologies using criteria of 
effectiveness and implementability.  The two active technologies remained after applying relative cost 
criteria. 
The resulting active technologies for the smear zone (Zone 3) are as follows: 
• Selective excavation to the water table 
• Stabilization by application of polyphosphate. 
The 1994 feasibility study (DOE-RL 1994) also did not address the lower vadose zone; rather, the authors 
assumed that remedies deployed in the 300-FF-1 Operable Unit upper vadose zone would protect 
groundwater.  A new list of 10 candidate technologies was identified.  Using criteria of effectiveness and 
implementability, the 10 were reduced to 4 technologies.  Three active technologies remained after 
applying relative cost criteria.  
35 
 The resulting active technologies for the vadose zone are as follows: 
• More extensive excavation of sediment to the water table 
• Vadose flushing with polyphosphate immobilizing agent 
• Vadose flushing with calcium citrate and sodium phosphate. 
Remedial strategies will be developed by combining selected technologies into multiple alternatives based 
on the results of this technology screening.  The alternatives will likely incorporate different assemblages, 
sequencing, and application areas/zones of technologies.  The detailed analysis and comparison of the 
remedial alternatives will form the basis of the feasibility study. 
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